The activation and subsequent covalent coupling of polycyclic aromatic hydrocarbons (PAHs) are of great interest in fields like chemistry, energy, biology, or health, among others. However, this is not a trivial process. So far, it is based on the use of catalysts that drive and increase the efficiency of the reaction. Here, we report on an unprecedented method in which the dehydrogenation and covalent coupling is thermally activated in the presence of atomic hydrogen and a surface. This mechanism, which requires of the superhydrogenation of the PAHs, has been characterized by high-resolution scanning tunnelling microscopy (STM) and rationalized by density functional theory (DFT) calculations.
of scientific and technological fields such as fundamental chemistry, drugs production, or petrochemical industry, among many others. Moreover, PAHs have been detected in the Universe [Tielens2008] and it has been proposed that they could have been involved in the origin of life through dehydrogenation and coupling processes. [Ehrenfreund2006] They are commonly found in air and soil as a consequence of natural processes and human activity, where they constitute an important health risk. [Haritash2009] Dehydrogenation of PAHs, i.e. the cleavage of a C-H bond, is a common intermediate step in the formation of more complex molecules. It has also been recently proposed that chemical reactions involving dehydrogenation of superhydrogenated PAHs in space may play an important role in the formation of interstellar molecular hydrogen. [Habart2004] [Montillaud2013] Furthermore, although large polycyclic structures that may result from the coupling of smaller PAHs have been detected in space, their formation mechanism is still under intense debate. [Merino2014] [ Montillaud2013] Despite being of unarguable importance and interest, dehydrogenation and superhydrogenation atomistic mechanisms are still far from a complete understanding. It is known that dehydrogenation reactions of PAHs are an unfavourable process as it is necessary to overcome an energy barrier (activation energy) which is given by the strength of the R-H bond, usually in the range of 3 -5 eV for the most typical elements present in organic molecules such as C, N, or O. [Dean1999] These high energy barriers prevent the spontaneous dehydrogenation of PAHs in gas phase at room temperature (RT) via R-H bond cleavage. To overcome this problem, it is a common practice to include catalysts of different nature. [Horváth] However, the barrier, although significantly reduced by the effect of the cata-lyst, can still be high enough to prevent the reaction to proceed at RT. For this purpose, different ways to supply energy such as heat, UV radiation, or variation of the pH have been explored. [review?] Recently, On-surface Synthesis has emerged aiming at describing new covalent reactions yielding unprecedented low-dimensional nanostructures, such as molecules, macromolecules, and low dimensional nanoarchitectures, otherwise unavailable via traditional solution-based chemistry. [Gourdon2008] This methodology exploits the ultimate control provided by ultra-high vacuum (UHV) Herein, we report on an unprecedented mechanism for the dehydrogenation and subsequent covalent coupling of organic molecules, namely PAHs, directly on surfaces. It is based on a two-steps process.
Firstly, the PAH undergoes superhydrogenation by atomic-hydrogen exposure, thus inducing a weakening of the C-H bond as a consequence of the transition from a sp 2 to a sp 3 configuration. Secondly, the two hydrogen atoms attached to the same superhydrogenated carbon atom are simultaneously cleaved when facing the corresponding hydrogen atoms of a neighbouring superhydrogenated molecule in a one-to-one reaction that we name "head-to-head concerted superdehydrogenation (CSDH)" (see Figure 1 ). This reaction leads to the formation of new covalent C-C bonds and the release of two hydrogen molecules. Specifically, we show that when surface-adsorbed PAHs -like pentacene or perylene-are annealed in the presence of atomic hydrogen, they are activated and form new covalent macromolecular nanostructures. These processes are characterized by means of low-temperature scanning tunneling microscopy (LT-STM) and rationalized with the help of density functional theory calculations (DFT). The relevance of this work is two-fold.
(1) It aims at unveiling the atomistic mechanisms for superhydrogenation and concerted superdehydrogenation reactions of PAHs on surfaces;
and (2) it makes use of these ideas to achieve organic nanostructures by PAHs intermolecular covalent coupling. Although there are other examples of H-induced molecular activation, [Son1996] they imply the rupture of C-C bonds within a small cyclic molecule. On the opposite, our method paves the way toward the activation and further covalent coupling of aromatic organic molecules on substrates presenting low reactivity while preserving their internal structure, thus increasing their potential technological interest. 
Results and Discussion
We have chosen as model system two prototypical PAHs -pentacene and perylene-and the most commonly used metallic surface in on-surface synthesis -Au(111). The choice of Au is rationalized by the weak molecule-surface interaction, which yields intact molecular adsorption and desorption of the abovementioned PAHs in the temperature range between 375 -525 K. [France2003] For the sake of clarity, the detailed analysis has been performed with pentacene, while results have been further corroborated with perylene (see SI). Figure 2a shows an STM image of the Au(111) surface after deposition of 1 ML of pentacene molecules at RT. They self-assemble into well-ordered islands with two different domains, closely related to the orientation of the herringbone reconstruction, as previously reported. [France2002] Therefore, the starting point for the experiments hereafter reported will be that kind of 1 ML pentacene-covered Au(111) surface. Post-annealing this system at 525 K under UHV conditions induces the desorption of the vast majority of the molecules (see Figure 2b ), in good agreement with reported thermal programmed desorption (TPD) experiments. [France2003] Only some monomers and small clusters remain on the surface, mainly interacting with the elbows of the herringbone reconstruction, the latter being known for their higher reactivity. [ref] Additionally, the inverted appearance of the reconstruction is characteristic of tip-induced motion of isolated molecules along the FCC regions of the surface reconstruction. [Böhringer2000] However, this scenario changes completely when the annealing of the pentacene layer is carried out in the presence of atomic hydrogen. Figure 2d shows the Au surface after annealing the pentacene layer at 525 K under a continuous supply of atomic hydrogen, followed by a post-annealing at 575 K without further H. A clear increase in the amount of pentacene remaining on the Au(111) surface is observed, in marked contrast to the cases in which no hydrogen or molecular hydrogen are used (Fig- ures 2b and 2c, respectively). This result contrasts with previous efforts for pentacene activation on Au surfaces where, for example, low reaction yields were obtained when using a more reactive surfaceAu(110)-and a higher temperature (625 K). [Cui2016] Furthermore, the amount of remaining penta-cene on the surface strongly depends on the atomic hydrogen supplied to the system, as evidenced in Figure 2e , where different hydrogen partial pressures have been used during the annealing. Interestingly, the reaction yield increases with the amount of hydrogen suggesting that, under these experimental conditions, the amount of available H is the reaction limiting factor. A close-view to the soformed molecular nanostructures shows that they are composed of pentacene molecules arranged into covalent dendritic structures, which are homogeneously distributed around the surface. This assumption is supported by different experimental evidences. Firstly, they remain intact after a 15 nm displacement accompanied by an almost 90º rotation induced by atomic manipulation with the STM tip (red circle in Figure S1 ). Secondly, so-formed structures present a homogeneous appearance, in good agreement with superimposed scaled covalent schematic models ( Figure 3 ). 3d ). Given the flexibility of the individual C-C bond linking both molecules, the intermolecular angle can adopt different values depending on the surrounding structures and the registry with the surface.
As an example, the L-shape dimer in Figure 3a presents an angle of ~90º while the one in panel c is ~120º. On the other hand, the boomerang-shape dimer may correspond to the covalent coupling between C 1 and C 2 positions of two pentacene molecules (Figures 3d and 3f) . In this case, the angle between molecules is ~150º. The tetramer is compatible with the covalent coupling of an L-shape and boomerang-shape dimers as shown in Figure 3b . Finally, we have the rectangular structures, which are probably the most interesting ones (Figures 3e and 3f ). These rectangular entities are assigned to nanographene patches formed upon in-registry side-by-side intermolecular coalescence of two (red ar- To check the universality of this new dehydrogenation methodology, we have carried out experiments using perylene on Au(111). Perylene has been chosen because it combines armchair-and zigzagedge topologies in similar proportion (see Figure 1a) . It has been suggested that zigzag edges in graphene-based structures are more reactive than armchair ones due to the presence of electronic states close to the Fermi level, [Jiang2007] fact that could induce selectivity in the H-mediated dehydrogenation of the molecule. Thus, perylene is an excellent prototype to test this point. As evidenced in Figure   S2 , our mechanism also works with perylene, resulting in the formation of perylene macromolecules as a result of the H-induced intermolecular covalent coupling. Figure 3g shows an STM image of some interesting and characteristic nanostructures formed when using perylene, namely a monomer and two dimers. High-resolution imaging of the monomer allows unambiguous determination of the molecular orientation; the two maxima at the edges corresponding to the zigzag edge. Thus, we can univocally assign the two dimers to an edge-to-edge fusion of two monomers, i.e., the formation of nanographenes; the one in the center (white arrow) resulting from coalescence along the zigzag edge and the one on the right (yellow arrow), along the armchair edge. This latter case is especially interesting as it would imply the formation of an octagonal ring and two square rings, similar to the structures reported by M. Liu et al. [Liu2017] but, once again, without any need for halogen functionalization.
Heretofore, we have proven the possibility to induce PAH dehydrogenation and covalent coupling by on-surface annealing in the presence of atomic hydrogen, as well as that the yield, at 525 K, scales with the amount of available H. However, little is still known about the energetics of the process such as the magnitude of the dehydrogenation barrier necessary to activate the molecules. To get some insight into this point, we have performed experiments in which the annealing temperature has been decreased to 425 K. As it can be observed in the STM images in Figure S3a and b, despite the significant descent of the annealing temperature, it is still possible to find dendritic structures resulting from pentacene dehydrogenation and subsequent intermolecular covalent coupling (blue arrows in Figure   S3a and b). Additionally, not all unreacted pentacene molecules have desorbed at this temperature and some of them diffuse over the surface -horizontal strikes in STM images. If the sample is postannealed at 525 K without further H exposure, unreacted pentacene molecules desorb, making easier the visualization of the so-formed nanostructures ( Figure S3c and d) . Interestingly enough, the efficiency of the process is reduced at the lower temperature by around 40%, thus indicating the existence of an energy barrier that we estimate directly from Boltzmann probability to be about 0.15 to 0.17 eV. Below, we utilize DFT to assign it to the molecular superhydrogenation barrier.
In order to rationalize our experiments, we have performed extensive DFT calculations to determine the plausibility of the different competing processes involved. Here, we briefly explain the simpler and more direct one (head-to-head mechanism), and we defer to the SI the details for a second plausible pathway that we deem as less likely. For the sake of clarity, we have mostly focused our calculations on the pentacene/Au(111) system, performing additional tests for the most relevant involved steps in the napthtalene/Au(111) and perylene/Au(111) interfaces. However, as it will be shown, the proposed mechanisms are general and can be applied to a wide range of PAHs adsorbed on diverse metallic surfaces, although the detailed numbers for each step would vary within the different systems.
Attending to the experimental observations presented in this work, it is clear that the proposed mechanism has to fulfil the following requirements: the reaction needs the presence of atomic hydrogen to proceed; it requires of a surface to adsorb and confine the molecules involved in the reactionpentacene and H-, thus increasing the encounter probability in comparison to the gas phase, as well as to catalyze the reaction -this rationalizes why such a dehydrogenation process has not been already observed in the gas phase [Montillaud2013] ; and it must be kinetically stimulated by temperature. The proposed mechanism, as we will show, consists on the superhydrogenation of two nearby surface-adsorbed molecules and their subsequent concerted superdehydrogenation upon head-tohead collision to end up in the formation of a new C-C bond and two hydrogen molecules.
If we emulate the experiments, in a first step a hydrogen atom approaches a pentacene molecule lying on the surface. When the H atom is close enough, three possibilities arise: (1) These two competing processes will coexist; however, given the much lower energy barrier found for case (2), the latter will prevail. Furthermore, molecular superhydrogenation will also favour the subsequent molecular activation necessary to induce intermolecular covalent coupling, as it will work to soften the C-H bond to be broken (C 22 H 14 +H à C 22 H 15 ; ΔH=-1.5 eV). Such a process is exothermic and transforms the sp 2 -like bond into a sp 3 -like one; the two hydrogen atoms attached to the same carbon making approximately a 125.5º angle (in a plane perpendicular to the one of the aromatic ring) and increasing their bonding length to carbon by approximately 2%. The energy stored in the concerned C-H bond decreases approximately from 5.0 eV (C 22 H 14 à C 22 H 13 * +H ; ΔH=+5 eV) to 3.25 eV per C-H bond (C 22 H 15 à C 22 H 13 * +2H ; ΔH=+6.5 eV). This is sufficient to make exothermic the dehydrogenation of the PAH when forming two hydrogen molecules and a radical (C 22 H 15 +2H à C 22 H 13 * +2H 2 ; ΔH=-2.5 eV). It is obvious that if none of the first two processes take place, then case (3) will occur.
Thus, it seems clear that the initial step involves the superhydrogenation of adsorbed molecules (e.g., As already mentioned, DFT calculations indicate that, whichever is the mechanism operating, molecular superhydrogenation is a key requirement in the process. In order to show that molecular superhydrogenation indeed occurs, we have performed an experiment in which molecules have been exposed to atomic hydrogen at RT. Figures S2a and S4 show a set of STM images acquired after exposure of pentacene and perylene to H at RT. As marked by green arrows in Figure S4 , it is possible to discern bright features on some of the molecules which are assigned to superhydrogenated species. This result is in good agreement with similar superhydrogenation experiments performed with coronene, [ formed, in a similar way as those observed when annealing in a flux of atomic H (Fig. S5) . If STM images in Figures 2 and S5 are compared, it becomes evident that the final coverage after the whole process is not so different. This is a clear indication that the critical point for the reaction to proceed is the presence of superhydrogenated species as considered in our head-to-head CSDH mechanism.
Conclusions
Summarizing, we report on the discovery and rationalization of a novel atomistic mechanism leading to the activation and subsequent covalent coupling of organic molecules on surfaces under UHV conditions to form macromolecular superstructures. It is based on the adsorption of at least an extra H atom at one of their peripheral C atoms (superhydrogenation), thus inducing an sp 3 configuration that weakens the C-H bonds. Subsequently, several mechanisms for the activation of the PAHs could operate.
In particular, we consider that the most plausible one is the head-to-head CSDH where two superhy- The proposed mechanism could be responsible for the formation of large aromatic species in circumstellar environments as well as opens a door to a new way of inducing dehydrogenation and covalent coupling of organic molecules on low reactive surfaces, otherwise unavailable due to molecular desorption prior to reaction. We can envision that this method could be exploited to obtain new nanostructures directly on more technologically substrates like semiconductors or insulators.
Moreover, we especulate that the use of heteroatomic molecular precursors may lead to new molecular nanoarchitectures with specific and tailored electronic properties.
Methods
Experiments have been carried out in a UHV chamber with a base pressure of 1.0 10 -10 mbar, equipped with an LT-STM (Scienta Omicron) and a thermal gas cracker (MGC Series, Mantis Deposition). Au(111) single crystal (Surface Preparation Laboratory, Netherlands) was cleaned using the standard protocol based on repeated cycles of sputtering (Ar + ions, 1.0 kV) and annealing (~750 K) until judged clean by STM. Pentacene (Sigma Aldrich, 99+%) and perylene (Acros Organics, 98%) molecules were thermally sublimed from a Kentax three-fold evaporator (Kentax GmbH) at a rate of ~1 Åmin -1 (sublimation temperatures of 460 K and 400 K, respectively). Prior to deposition, they were thoroughly outgassed for several hours at temperatures 20 K lower than those used for deposition.
STM images were acquired in the constant current mode. For the sample preparation, the following procedure was used: a full molecular monolayer of pentacene or perylene was deposited on the clean Au(111) surface held at RT. Then the sample was faced toward the H 2 cracker and exposed to a flux of atomic H while ramping the sample temperature from RT to 525K (10 minutes) and then kept it at 525K for another 20 minutes. After that, the annealing was stopped and the sample was allowed to cool down to RT while keeping the atomic H flux during the first 5 minutes. The partial pressure of H 2 in the chamber during H exposure was 5.0 10 -7 mbar unless otherwise stated and the working power of the hydrogen cracker 40 W. Using these parameters, we estimate a cracking efficiency of around 40-50% and a pressure in the capillary around 4 orders of magnitude higher than that in the chamber.
